The methods described in a previous paper have been applied to an examination of the scattering of 4-2 MeV protons by protons. The angular distribution of the scattered protons is found to be isotropic, in the centre-of-mass co-ordinate system of the colliding particles, from 50 to 140° in the angle of scattering* A method of determining the absolute cross-section for proton-proton scattering at different energies, depending on the simultaneous recording of the protons scattered from hydrogen and from heavy nuclei is described, and the con ditions necessary for its application at higher energies are discussed.
In a previous paper (Chadwick, May, Pickavance & Powell 1944) which will be referred to as (I), an experimental method was described for investigating the scattering of high energy protons and deuterons generated by the cyclotron. A critical examination of the apparatus showed it to be a powerful and reliable instru ment. In this, and in the papers which follow, experiments are described in which the method is applied to an investigation of the scattering of 4 MeV protons and 7 MeV deuterons by ten different elements. The results were obtained in the years 1940 to 1942 their preparation for publication having been delayed by the war.
I t was anticipated th at if proper use were to be made of the scattering method for testing any formalism describing the interaction of nuclear particles, it would be necessary to make investigations with different elements in a large range of values of the energy of the particles composing the primary beam. These anticipations have been confirmed by the experiments to be described. Especially in the work with deuterons, a number of features of great interest and complexity in connexion with (d,p) reactions have been discovered, the elucidation of which would appear to be of importance in achieving an understanding of nuclear processes in general. I t will be necessary, however, to study these phenomena with beams of particles of different energies, and, apart from certain experiments which are of immediate interest, such as the scattering of protons and deuterons by hydrogen, deuterium and helium, and the inelastic scattering of protons by different elements, the present investigations constitute only a preliminary survey of the field. From this survey we are able to indicate those collision processes which, for technical or other reasons, it seems most desirable to investigate in greater detail, and the methods to be employed. This paper deals with the results of the experiments with the 4-2 MeV proton beam delivered by the Liverpool cyclotron, the measurement on the plates being made in the H. H. Wills Physical Laboratory, University of Bristol. Table 1 gives details of the exposures given for the production of the plates on which the present measurements were made.
The exposures were obtained with an earlier form of the apparatus than th a t described in (I), the divergence of the beam being approximately 2° instead of 1°. During the exposures the mean current in the beam was of the order of 3 A as measured a t the collecting electrode, see (I), figure 2. The current in the defined beam was of the order of 1 % of th a t in the main beam. No attem pt was made to maintain the beam current precisely constant and the exposure times and gas pressures therefore give only a rough indication of the conditions necessary for the production of satisfactory plates with the apparatus employed but, as mentioned previously, the exposure times are not critical. ' Half-tone ' plates with a thickness of 70 or 100/i were employed throughout the whole of the present series of exposures, the methods of development and fixing being similar to those previously described (Powell 1943) . In analyzing the results of the measurements we shall have to make frequent reference to the ratio of the actual scattered intensity of a group of particles, per unit solid angle, to th a t calculated from the Rutherford formula on the assumption th a t the scattering is governed only by the Coulomb forces between the interacting particles. We denote this ratio, for an angle of scattering in the laboratory system of co-ordinates, by an element X , by the symbol Rx(0), where incident particles in MeV. The corresponding quantity for an angle of scattering, 0, in the co-ordinate system moving with the centre of mass of the colliding particles, is R $(4).
For proton-proton scattering the Rutherford formula is replaced by th a t due to Mott, and we use the analogous symbols M E and M E to the laboratory and centre-of-mass co-ordinate systems respectively and 1(0), I(<p) denote the scattered intensities per unit solid angle referred to them.
. A n g u l a r d i s t r i b u t i o n o f t h e e l a s t ic a l l y s c a t t e r e d p r o t o n s
Some features of the plate taken with the camera filled with hydrogen, P.10, have already been discussed in (I). I t was shown th a t the mean range of the protons scattered a t any angle is in satisfactory agreement with theoretical expectations and th at tracks due to protons scattered from impurities in the gas, which can be distinguished from those scattered from hydrogen as a consequence of their greater range, are present in appreciable numbers only a t small values of 6.
Intensity measurements have been made on this plate over a range of angles from 12*5 to 50°, and over a wide range of values of r (see (I), p. 16). At the larger angles, if short tracks only are counted, the small number of recoils from impurities, which have energies only a little less than th a t of the incident protons, are not included. At small angles, however, this distinction is no longer possible since the range distributions of the protons scattered from hydrogen and from heavier impurities overlap.
To correct for the tracks a t small angles due to the presence of the impurities the number of long tracks a t 45° was counted. From these observations the number to be expected a t lower angles can then be calculated on the assumption that, in the range below 45°, the variation of the scattered intensity with angle bears a constant ratio to th at given by the Rutherford relationship. The impurities most likely to be present are oxygen and nitrogen and the experiments on the scattering by these elements, described in the following paper, show th a t this assumption is very nearly true in the range from 20 to 45°. A more precise correction cannot be made since the nature of the impurities is unknown. The correction becomes appreciable a t about 30° and is of the order of 20 % a t 20°.
In the plates taken with the early form of the apparatus the distributions in range of the particles scattered through small angles show, in addition to the main group of particles, a 'ta il', with a continuous distribution in range, due to slit scattering and other causes. We have not considered it worth while to attem pt to measure the intensity of the elastically scattered protons in this region since we may expect anomalies in the scattering to be relatively small a t small angles.
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The results of the measurement are shown in figure 1 , where curve (a) shows the intensity of the scattered protons per unit solid angle in the laboratory system of co-ordinates. The measurements of intensity become unreliable a t angles of scat tering greater than 40° because the scattered protons lose an appreciable fraction of their energy in passing from the collision space to the photographic plate through the gas filling the camera. Their range in the emulsion then becomes so short th a t many of them contain only two or three grains and they are not distinguished by the observer and recorded. The scattering beyond 45° is, however, necessarily connected with th a t a t smaller angles since the number of protons scattered between and 6 + 86 must be equal to th at between (\tt-0) and of 1(0) a t 50°, 55°, etc., to be deduced from those observed a t 40°, 35°, etc. These values are shown in figure 1, curve (a). I t will be seen th a t they lie on a smooth curve with those a t small angles-and th a t the point deduced in this way for 50° is considerably higher than the observed value, because of the 'loss' of tracks in the actual measurements a t this angle.
The angle of scattering, 0, in the centre-of-mass co-ordinate system of the colliding particles is related to the corresponding angle in the laboratory system, 6, by the simple relation < j> = 26. Similarly, if 1(6) is the scattered intensity per unit solid angle a t 6 and I(<j>) the corresponding quantity in the centre-of-mass system a t < f> ,
I(<j>) can therefore be determined from the observed values of and the results are shown in figure 1, curve (b) . The vertical lines give the r.m.s. error deduced in the usual way from the number of tracks counted. I t will be seen th a t the scattered intensity I (< }> ), in the interval from 50 to 90°, i.e. in the region where the Coulomb scattering is very small compared with the anomalous scattering, is nearly constant. The departures of the observations from a line I(<f>) -constant, corresponding to isotropic scattering, are of the order of only 2 % of the mean intensity, and although this is greater than the standard deviations associated with the number of tracks counted, the departure from isotropy cannot be regarded as significant. We there fore conclude that, a t these angles, the observations correspond to pure 's ' scattering within the limits set by experimental errors. Creutz & Wilson (1942) have reported th a t proton-proton scattering is isotropic a t 8 MeV, apart from the Coulomb scat tering a t small angles, and it is clear th a t more energetic proton beams will be needed to give any easily detectable effects from < p > and other waves of higher order.
Absolute cross-section for proton-proton scattering
The determination of the absolute cross-section for this process, in addition to the variation of the intensity of the scattered protons with angle, is of great importance for the determination of the character and magnitude of the forces between the two particles. For such a determination we require to know the total number of primary protons passing down the scattering tube during the exposure. In our first experi ments there was no provision for determining the current in the defined beam during the exposure and we therefore adopted an alternative method.
For this purpose the intensities of the protons recoiling from hydrogen and from some heavier type of nucleus were measured a t a particular angle of scattering. The ratio of the numbers of atoms of the two types in the scattering gas can be defined by employing a suitable gaseous compound or a mixture of gases in known pro portions. At angles of scattering in the neighbourhood of 45° the difference in energy of the two groups of scattered protons is sufficiently great to ensure th a t the range distribution shows them clearly resolved and the ratio of their intensities can thus be determined. If, in the conditions of the experiment, the intensity of the scattering from the heavy nuclei is given by the Rutherford relationship, then the total flux of primary protons during the exposure can be calculated and hence the crosssection for the proton-proton scattering process a t the same angle.
As a preliminary test of the method we examined the proton recoils a t 45° obtained with methyl iodide and acetylene as the scattering gases.
E xperiments with methyl iodide
A typical example of the distribution in energy of the particles scattered a t 45° in these exposures is shown in figure 2 , where the two groups are seen to be clearly resolved. I t will be seen th a t the 'energy-width' a t half maximum of the protons scattered by the iodine nuclei is considerably less than th a t for the proton-proton group. The increased width of this latter group is easily explained by the known divergence of the primary beam, + 2°. Thus the energy, E, of the scattered protons is given by the relation E -E0 cos2 6. Allowing + 0*5° for the small of the particles in traversing the window and the gas, before reaching the plate, the particles which enter the emulsion a t points corresponding to 45° will have been scattered from the primary beam through angles varying from 42*5° to 47*5°. Putting Eq = 4*2 MeV, E ranges from 2*38 MeV a t 42*5° to 1*92 MeV a t 47*5°; a difference of 0*46 MeV, in good agreement with the observations. Thus even if the primary beam is perfectly homogeneous in energy the energy-width of the proton-proton peak a t 45° will be 0*5 MeV in the geometrical conditions provided by the early form of the apparatus. The energy of the protons scattered by the iodine varies very little, how ever, with the angle of scattering and the observed width agrees with th a t obtained with homogeneous groups of protons of a similar energy in previous experiments (Powell 1943) . We may thus conclude th a t any variation in energy of the protons in the primary beam is small compared with the energy resolution given by the method. The results emphasize the advantages of a more closely defined beam, as produced in the later form of apparatus, where the divergence is reduced to ± 1°.
The number of tracks in the two groups of particles in a given area of the plate gives, within the limits of statistical error, the ratio of the scattering from 3 and from I a t the chosen angle of scattering, 45°. A small correction must be applied for the contribution to the long tracks of the protons scattered by the carbon nuclei which are not resolved from those from the iodine. This correction can be deduced from the work on the acetylene plate which gives the ratio of the scattering from carbon and from hydrogen a t the same angle.
A second correction must be applied to the observed number of particles in the shorter-range group since a certain proportion of them must be attributed to the 'ta il' of the longer group. The main group in the range distribution a t a given angle of scattering, produced by a homogeneous group of particles, is accompanied by a low intensity tail, uniformly distributed in range, due to the penetration of the edges of the defining slits by a small fraction of the scattered particles and a corresponding reduction in their energy, see (I), p. 23. Figure 3 shows a typical range distribution, from measurements on the methyl iodide plates, in which the continuous distribution of tracks between the two peaks will be seen. In this distribution the number of tracks in the range from 6 to 10 divisions is 53 and in the short range group, from 1*2 to 5-2 divisions, 238. We therefore assume that, in this case, 185 tracks are to be attributed to proton-proton scattering. Altogether about 4800 tracks were measured on the methyl iodide plates of which 4204 were long and 397 were from proton-proton scattering. The carbon is estimated to contribute 93 long tracks to the group of longer range so th a t we deduce for the ratio of the intensity of the scattering from hydrogen and from iodine a t 45c the value:
= i x l = (9-65 + 0-8) 
Experiments with acetylene
Similar observations have been made using the plates obtained with acetylene as the scattering gas. An investigation was made of the intensity of the long and short tracks a t a number of angles in the interval from 25 to 40° in the angle of scattering. The lengths of 2600 tracks were measured and examples of the observed distribution in range of the tracks a t four different angles are shown in figure 4. Figure 5 shows an example of the results transformed to an energy distribution, and it will be seen that, in this case also, the width of the peak due to proton-proton scattering is greater than th at due to scattering from the heavier nuclei.
The variation with angle of the intensity of the long tracks, due to the elastic scattering of the primary protons by carbon nuclei, is shown in figure 6 . In this diagram, curve (a) shows the variation with angle of the scattered intensity and curve (6) the same results expressed in the form of the ratio, I t will be seen th a t R{6) is nearly constant in the range of angles from 20 to 45° to within the accuracy of the experiment. If we assume th at the absolute intensity is also given by the Rutherford equation in this range of angles, i.e. th at R^{6) = 1, then a comparison of the number of long and short tracks at 45° enables us to obtain a second estimate for the quantity M (45°). The value so obtained is J f 4'2 (45°) = 72 + 7.
number of tracks I t is clear, from a comparison of this result with th a t obtained with methyl iodide, th a t the cross-section for the scattering of 4-2 MeV protons by carbon, a t these angles, is different from the value given by the Rutherford formula. I t is shown in the following paper th a t there are good reasons for anticipating such a result, even a t
The scattering of 4*2 M eV protons by protons 177 range in scale divisions angles of scattering in the interval from 20 to 45°. The value of R (45°) is easily found by a comparison of the results of the experiments on methvl iodide and acetylene a t 45° and we obtain the result R tf (45°) = | | = 0-76 ± 0-08.
The scale of the results of curve (6) in figure 6 has been chosen to correspond with this value of R(0) a t 45°. We have already pointed out th a t there was no stringent control of the purity of the target gases. The presence of a considerable pressure of air would not, however, seriously affect the result. The most likely impurity, in the experiments with methyl iodide, is water vapour from the emulsion which, by contributing hydrogen to the scattering gas, would tend to make the observed value of Mtoo high. The values obtained from the two plates P.17 and P.19 agree, however, within the limits of statistical error and this suggests th at the disturbing effects due to water vapour were in fact small. The methyl iodide pressure was varied by a factor of three in the two exposures and the water vapour pressure would be unlikely to change by the same ratio in the two cases.
D is c u s s i o n
(a) Absolute cross-section We have obtained the value 94 + 6 for the quantity iff4'2 (45°). Breit, Thaxton & Eisenbud (1939) have calculated this ratio for pure 's ' scattering, for protons of different energies, using various forms of 'potential well' to represent the forces a t close distances of approach of the two protons. The values they give for the ratio M (45°) for 4MeV protons, range up to 95 for the narrowest and deepest wells and our result corresponds to a value for the phase change K in the wave of zero angular momentum of 54 + 2*5°. Ragane, Kanne & Taschek (1941) have shown th at the results obtained with slow protons in the energy range from 200 to 300 eKv are in agreement with a 'well' of radius e2/mc2 and a depth of 10*52MeV. This well gives K = 52° a t 4 MeV and a value of iff (45°) of 85. Our results are therefore in accord, to within the errors of the measurements, with the values predicted by this model. In a later publication, Landau & Smorodinsky (1944) give a formula for the phase shift, K q, in terms of a constant, app, which represents the logarithmic derivative of the wave function at the origin. They give an empirical formula for ccpp which fits the results of previous investigators extending up to 2*4 MeV. From this formula we calculated the phase shift at 4 MeV and obtained the value K = 53°. We therefore conclude th at our observations show no significant departures from the values calculated from theories based on previous experiments at lower energies. The importance of work with beams of protons of higher energy is thus emphasized.
Using the value K = 54° deduced from the observed value of iff at 45°, we have calculated this ratio for other angles. The results are shown in the smooth curve of figure 1, curve (c). I t will be seen th at there is good agreement with the experimental results except in the region of small angles where the effects due to slit scattering begin to become appreciable.
(6) Appraisal of the method From the experience gained in the course of the present experiments we can estimate the usefulness of the method for the examination of the proton-proton collision and the steps which must be taken to improve it. We have already pointed out the importance of extending the experiments to higher energies and our experi ence with fast protons, which extends up to 13 MeV, indicates th a t the method could be successfully applied with primary particles of energy up to 20 to 30 MeV. Such beams would produce 10 to 15 MeV protons a t 45°, and these can be recorded by using plates with an emulsion thickness of 100/4 and an angle of approach of the scattered protons to the plate of 5°.
The method here employed for the determination of the values of the absolute cross-section would seem to give a useful check on the usual method based on the direct determination of the total flux of charge in the primary beam during the exposure. The use of chemical compounds in the form of vapours or gases ensures th a t the relative numbers of scattering nuclei of different types are known with great precision, provided th a t adequate control of purity is established. In future work it would appear desirable to employ gaseous mixtures of known composition in such proportions th a t the numbers of protons in the groups scattered from the two types of nuclei are approximately equal.
Using the ordinary half-tone emulsions the counting and measuring of the tracks is sufficiently fast under good conditions to make it possible to reduce the errors in the determination of the scattered intensity at any angle, due to statistical fluctuations, to the order of 2 % in the course of 4 days work by a single observer. Further, the improved registration which can now be obtained with concentrated half-tone emulsions leads to greatly improved methods of counting. I t thus becomes possible to contemplate experiments in which much greater numbers of particles are counted and measured so th a t substantial reductions in the standard deviations, and corresponding improvements in the accuracy of the results, are obtained/ A second improvement in the method, suggested by the present results, is to intro duce adequate control of the purity of the gas in the collision space by eliminating the presence of water vapour from the gelatine. This can be easily achieved by making the collision space gas tight, a modification which is also an essential preliminary to making experiments with rare gaseous isotopes, available only in small quantities, when it is im portant to recover the gas after the exposure. Although the windows in the present form of the apparatus are of relatively large area, we have found it possible to cover them with foils, with a stopping power of only a few mm. of air, which are able to withstand pressure differences of 10 cm. of mercury.
The experimental work described in this and the two following papers was under taken, as part of an extended programme, in association with Sir James Chadwick and his collaborators in Liverpool. Because of the war we alone were able to make measurements on the plates and we are indebted to them for their agreement to our publication of the results.
